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THE CIRCULATION UNDER EXPOSURE TO ACCLERA- 
T I O N .  X-RAY PHOTOGRAPHY ON MONKEYS* 

U. Fischer 

(from t h e  Aeromedical Research I n s t i t u t e  of t h e  Nat iona l  A i r  Minis t ry ,  Be r l in . )  

ABSTRACT. 
monkeys us ing  a cen t r i fuge ;  t h o r o t r a s t  w a s  i n j e c t e d  and 
x-ray photographs w e r e  taken during t h e  a c c e l e r a t i o n s .  It 
w a s  found t h a t  when c e n t r i f u g a l  f o r c e  acts i n  t h e  head-to- 
l e g  d i r e c t i o n ,  h e a r t  f i l l i n g  decreases as a c c e l e r a t i o n  in-  
creases. The h e a r t  was near ly  empty a t  4 . 4  G. 
and vena cava decrease  i n  diameter as t h e  h e a r t  empties.  
3 . 3  G ,  t h e  h e a r t  r e q u i r e s  s eve ra l  minutes t o  become empty; a t  
4 . 4  G ,  i t  is  empty i n  a few seconds. The d u r a t i o n  of accelera- 
t i o n  a l s o  has a n  e f f e c t  on hea r t  f i l l i n g .  
f u g a l  f o r c e  acts i n  t h e  stomach-to-back d i r e c t i o n ,  h e a r t  
f i l l i n g  remains good even a t  high, prolonged a c c e l e r a t i o n .  

Acce lera t ion  experiments were performed on 

The a o r t a  
A t  

When t h e  c e n t r i -  

INTRODUCTION 

During a c t u a l  a i r c r a f t  f l i g h t s  t h e  phenomenon has  been observed t h a t  when /1** 
t h e r e  i s  a c c e l e r a t i o n  of a c e r t a i n  G number (G=l e a r t h  a c c e l e r a t i o n  f o r c e )  t h e  
c i r c u l a t i o n  f a i l s  ( a  b lack  c u r t a i n  before  t h e  eyes)  [l]. Ass i s t an t  Doctor 
BUhrlen has  confirmed t h e s e  phenomena observed i n  p r a c t i c e  during h i s  accelera- 
t i o n  experiments us ing  humans as experimental  s u b j e c t s  i n  t h e  c e n t r i f u g e  of t h e  
Aeromedical Research I n s t i t u t e .  I n  h i s  experiments,  h e  w a s  f u r t h e r  a b l e  t o  
confirm t h e  prev ious ly  expressed assumption[l]  t h a t  t h e  a b i l i t y  t o  endure 
a c c e l e r a t i o n  ( a c c e l e r a t i o n  to l e rance )  depends on t h e  p o s i t i o n  of t h e  s u b j e c t  
i n  r e l a t i o n  t o  t h e  a x i s  of r o t a t i o n  and t h e r e f o r e  on t h e  d i r e c t i o n  i n  which 
t h e  c e n t r i f u g a l  f o r c e s  act. Thus he w a s  a b l e  t o  e s t a b l i s h  t h a t ,  when t h e  
c e n t r i f u g a l  fo rces  act  i n  t h e  stomach-to-back d i r e c t i o n ,  h igher  a c c e l e r a t i o n s  
can  b e  t o l e r a t e d  than  when t h e  c e n t r i f u g a l  f o r c e s  act  i n  t h e  head-to-leg 
d i r e c t i o n .  
ques t ion  is: how does t h e  c i r c u l a t i o n  f a i l u r e  occur? 
p l a n a t i o n s  f o r  t h i s :  

I f  t h e s e  phenomena are t o  be i n v e s t i g a t e d  f u r t h e r ,  t h e  next  
There are two p o s s i b l e  ex- 

1. The necessary  he igh t  of p re s su re  i s  no t  p re sen t ,  i .e . ,  t h e  f o r c e  of t h e  
f i l l e d  h e a r t  is  no t  ex tens ive  enough t o  f o r c e  t h e  blood up t o  t h e  b r a i n  
a g a i n s t  t h e  h y d r o s t a t i c  p re s su re  caused by t h e  coun te rac t ing  c e n t r i f u g a l  
l fo rces [21 .  

* D i s s e r t a t i o n  of t h e  Medical Department, Un ive r s i ty  of Be r l in .  
**Numbers i n  t h e  margin i n d i c a t e  paginat ion i n  t h e  f o r e i g n  t e x t .  
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2. The h e a r t  gene ra l ly  does no t  have enough blood t o  provide s a t i s f a c t o r y  
supply t o  t h e  b r a i n  s i n c e  t h e  f a r  g r e a t e r  p a r t  of t h e  blood has  been forced i n t o  
t h e  lower reg ions  of t h e  body by t h e  c e n t r i f u g a l  f o r c e s  a c t i n g  i n  t h e  head-to- 
l e g  d i r e c  ion ,  as w a s  conjec tured  by Jongbloed and Noyons and as proven i n  
r a b b i t s 1  3i  . 

I f  t h e  second explana t ion  i s  assumed t o  be c o r r e c t ,  t h a t  t h e  l a c k  of blood 
r e s u l t i n g  from t h e  concent ra t ion  of blood ( in  t h e  lower r eg ions )  caused t h e  
c i r c u l a t i o n  f a i l u r e ,  then  another  ques t ion  arises: does t h e  increased  to l e rance  
of h ighe r  a c c e l e r a t i o n s  have i t s  b a s i s  i n  t h e  f a c t  t h a t  t h e  h e a r t  i s  b e t t e r  
f i l l e d ,  when t h e  c e n t r i f u g a l  f o r c e s  ac t  i n  t h e  stomach-to-back d i r e c t i o n .  

For a l l  t h e s e  p o s s i b i l i t i e s  and cons idera t ions ,  t h e  ques t ion  of f i l l i n g  
n a t u r a l l y  does no t  s o l e l y  concern t h e  h e a r t  b u t  a l s o  t h e  a o r t a ,  vena cava, and 
lungs.  

To i n v e s t i g a t e  t h i s  ques t ion ,  on the  i n s t i g a t i o n  of S t a f f  Phys ic ian  D r .  
Ot to  F. Ranke, 1 2  animal experiments were performed us ing  t h e  c e n t r i f u g e  of t h e  
Aeromedical Research Ins t i tu te - -10  of them wi th  monkeys (Macacus rhesus )  and 
one each wi th  a dog and r a b b i t ;  128 x-ray photographs w e r e  made; 104 of t h e  
monkeys, 13 of t h e  dog, and 11 of t h e  r abb i t .  

EXPERIMENTAL PLAN 

Roentgen-photography is  t h e  most s u i t a b l e  means of performing such experi-  /2 
ments. The experimental  animal i s  i n j e c t e d  w i t h  a s u i t a b l e  x-ray c o n t r a s t  
medium and i ts  c i r c u l a t i o n  during any des i red  s t a g e  of t h e  experiment can then  
be  checked and observed by means of t h e  x-ray photographs. 

The monkey has  been shown t o  be  the  most s u i t a b l e  experimental  animal;  
t ho rax  is  very  similar t o  t h a t  of a human i n  i t s  shape, i t s  s p i n a l  column i s  
s u f f i c i e n t l y  s t a b l e  t o  t o l e r a t e  h igher  a c c e l e r a t i o n s  without  severe bending. 

F igu re  1 shows t h e  photograph of a monkey a t  an a c c e l e r a t i o n  of 2.2 G. 
s p i n a l  column i s  only s l i g h t l y  bent  whereas t h e  bending of t h e  r a b b i t  shown 
Figure  2 is q u i t e  no t i ceab le .  Due t o  i t s  l i v i n g  h a b i t s  and i t s  rap id  and power- 
f u l  movements, t h e  monkey has  good c i r c u l a t i o n  c o n t r 0 1 . ~  I n  c o n t r a s t  t o  t h e  
monkey, t h e  dog and r a b b i t  e i t h e r  do no t  possess  t h e s e  p r o p e r t i e s ,  o r  have them 
t o  only  a s l i g h t  ex ten t .  For example, i t  i s  only  necessary  t o  keep a r a b b i t  
on i t s  h i n d  l e g s  f o r  a b r i e f  per iod  of t i m e  i n  order  t o  cause p e r i p h e r a l  pooling 
of t h e  blood and thereby a c i r c u l a t i o n  fa i lureL5I .  Experiments w i t h  both t h e  
r a b b i t  and dog are completely unsui ted  f o r  comparisons wi th  humans f o r  our 
purposes .  Also t h e  s i z e  of t h e  monkey, p a r t i c u l a r l y  Macacus rhesus ,  makes i t  
e s p e c i a l l y  s u i t e d  f o r  t h e s e  experiments,  s i n c e  t h e  dimensions of t h e  c e n t r i -  
fuge  are cons iderably  more adaptab le  t o  i t ,  than t o  a human. 
body s i z e  t o  t h e  hea r t - ax i s  d i s t a n c e  i s  0.86 f o r  humans; f o r  t h e  monkey, on t h e  
o t h e r  hand, i t  i s  only  0.26. 

The r a t i o  of 

t s  

The 
n 

The thorium p repa ra t ion ,  t h o r o t r a s t ,  made by t h e  f i rm of Heyden, Radebeue- 
Thorot ras t  makes t h e  e n t i r e  c i r c u l a t i o n  
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Dresden w a s  i n j e c t e d  i n  l a r g e  amounts. 
roen tgeno log ica l ly  v i s i b l e  f o r  1 t o  2 hours be fo re  i t  accumulates i n  t h e  l i v e r  
and sp leen .  
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It mixes wi th  t h e  blood without  p r e c i p i t a t i n g ,  causes  no c l o t s ,  





i n  t h e  cen te r  which corresponds approximately t o  t h e  s i t t i n g  he igh t  and wid th  of 
t h e  test animal. On t h e  r i g h t  and l e f t  s i d e s  of t h e  dep res s ion  a t  t h e  shoulder  
level is  an outward-directed groove (2) f o r  t h e  upper e x t r e m i t i e s .  Holes around 
t h e  depress ion  a t  t h e  level of t h e  upward-bent upper e x t r e m i t i e s  and around t h e  
head area (3) ensure  t h a t  t h e  animal w i l l  remain t i g h t l y  f a s t ened .  
s i d e  of t h e  depress ion ,  t h e r e  i s  a board ( 4 )  10 cm. wide, a t  a r i g h t  ang le  t o  t h e  
test board,  which g ives  t h e  animal t h e  necessary suppor t  i n  t h e  l e f t  s i d e  
p o s i t i o n ,  e s p e c i a l l y  when t h e  c e n t r i f u g a l  f o r c e s  act  from t h e  rear, thus  hinder-  
ing displacements  and bendings. A seat board (5), which can b e  moved i n t o  t h e  
lower p a r t  of t h e  depress ion ,  i s  he ld  f a s t  by a screw clamp ( 6 ) ,  can be ad jus t ed  
t o  t h e  s i z e  of t h e  t e s t  animal,  and g ives  t h e  animal suppor t  i n  t h i s  d i r e c t i o n .  

On t h e  r i g h t  

/4 

The animal w a s  fas tened  i n  t h e  back 
p o s i t i o n  on t h e  test board. The head w a s  
h e l d  by a b r i d l e  f a s t ened  above, ensur ing  
easy access t o  t h e  area of t h e  t h r o a t  in-  
c i s ion .  Usual ly  t h e  i n t e r n a l  j u g u l a r  v e i n  
i s  exposed f o r  2 o r  3 cm. For male monkeys 
t h e  back-pouches s u b j e c t  t o  s t rong  bleed- 
ing  had t o  be  circumvented. The periph- 
eral end of t h e  exposed segment of v e i n  
w a s  t i e d  o f f .  A cannula w a s  in t roduced  
i n t o  t h e  c e n t r a l  part  and fas tened  wi th  a Figure  3 .  T e s t  board 

l i g a t u r e  i n  o r d e r  t o  avoid an a i r  embolism. 
It i s  a d v i s a b l e  t o  g r ind  o f f  t h e  p o i n t  of t h e  cannula used f o r  i n j e c t i o n ,  i n  o rde r  
t o  avoid pene t r a t ing  t h e  v e s s e l  w a l l  during i n j e c t i o n .  The amount of t h o r o t r a s t  
corresponding t o  body weight ,  12  cc/kg, is i n j e c t e d  a t  body temperature  i n  a 100 
t o  200 second per iod;  t h e  c e n t r a l  p a r t  of t h e  v e i n  is  a l s o  t i e d  o f f  a f t e r  t h e  
cannula  is removed and t h e  i n c i s i o n  is clamped shu t .  The monkey, bound i n  t h e  
back p o s i t i o n  on t h e  test board,  i s  mounted on t h e  c e n t r i f u g e  s o  t h a t  i t  lies 
w i t h  i t s  head i n  t h e  d i r e c t i o n  of t h e  cen t r i fuge  a x i s ,  s o  t h a t  t h e  c e n t r i f u g e  
f o r c e s  w i l l  act i n  t h e  head-to-leg d i r ec t ion .  The x-ray dev ice  is  a Siemens- 
Veila megganos-device, a s p e c i a l  modif icat ion as an a c c e l e r a t i o n  r e s i s t a n t  attach- 
ment, which w a s  b u i l t  acco rd ing . to  t h e  s p e c i f i c a t i o n s  and under t h e  d i r e c t i o n  of 
Prof .  D r .  O t to  F. Ranke. Transformer and switch box are mounted near t h e  a x i s .  
An i n s u l a t e d  cab le  l e a d s  from t h e  transformer t o  t h e  tube.  An AC vo l t age  of 
220 v o l t s  i s  placed across t h e  two s l ip - r ings .  
t h e  cont ro l -pane l  of t h e  cen t r i fuge .  
board of t h e  c e n t r i f u g e  under t h e  1 . 2  cm t h i c k  tes t -board.  
l eve l  on t h e  test board by a chock. 
frame, which involves  s topping t h e  cen t r i fuge ,  and therby  adds t o  experimental  
d i f f i c u l t y .  
f i r s t  when t h e  c e n t r i f u g e  is  s tanding  s t i l l ,  la ter  a t  a c c e l e r a t i o n s  of 2 t o  7 G ,  
and i n  some experiments 8 . 4  and 10  G.  
t h e  tes t  animal  changes i n  t h e  d i r e c t i o n  i n  which t h e  c e n t r i f u g a l  f o r c e s  act .  
The tes t  board  is r o t a t e d  90° i n  such a manner t h a t  t h e  abdomen l i es  i n  t h e  
d i r e c t i o n  of  t h e  axis of r o t a t i o n ,  causing t h e  c e n t r i f u g a l  f o r c e s  t o  ac t  i n  a 
stomach-to-back d i r e c t i o n .  I n  t h e s e  experiments, t h e  p i c t u r e s  are taken only  
from t h e  l e f t - s i d e  p o s i t i o n  and 0.5 t o  0.6-second exposures are used, depending 
on t h e  s i z e  of t h e  t es t  animal. Although t h e s e  exposures are longer  than a 
hea r t -pe r iod ,  t h e  h e a r t  p i c t u r e s  on t h e  x-ray f i l m  are n o t  a c c i d e n t a l  h i t s ,  i n  

The time-switches are loca ted  on 
The x-ray p la te -holder  l i e s  on t h e  seat- 

It is  held a t  ches t  
The p la te -holder  must b e  changed a f t e r  each 

The x-ray photos are taken i n  both t h e  back- and l e f t - s i d e  p o s i t i o n ,  

P i c t u r e s  are taken when t h e  p o s i t i o n  of 
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i n  t h a t  t h e  h e a r t  is  sometimes taken i n  s y s t o l e ,  sometimes i n  d i a s t o l e ,  bu t  
r a t h e r  average p i c t u r e s  are obtained which, th.ough n o t  ve ry  sharp ,  make i t  
p o s s i b l e  t o  make a comparison between them. 
are s u f f i c i e n t  f o r  a complete photograph. 

The focus  d i s t a n c e  is  70 cm. ,  22 MA 

1st posi-  I 

t i o n  back 
1st posi-  
t i o n  back ~ 

same 
I 

, 

1 

I 11 

! 1 

1st posi-  
~ t i o n  l e f t  s i d e  

I 

same 

Since no f u r t h e r  u se  of a given monkey i s  p o s s i b l e  a f t e r  t h e  experiment,  
f o r  humane reasons i t  is k i l l e d  by subocc ip i t a l  puncture  whi le  s t i l l  under 
na rcos i s .  

~~~ ~ 

Photograph 
number 

1 

3 

4 

6 

7 

1 8  

10 

11 

12 

13 
14 
15 

' i m e  of be- 
inn ing  of 
.en t r i f  ug e 
spera t i o n  

12.07 

12.09 

12.10 

12.12 

12.16 

12.17 

12.18 

12.20 

12.23 

12.24 

12.26 

12.28 

12.30 
12.32 
12.35 

number 

2.2 

3.3 

494 

2.2 

3.3 

4.4 

2.2 

3.3 

4.4 

2.2 
3.3 
4.4 

TABLE 1 

G number 
a t t a i n e d  
sf ter 
number of secs. 

photo taken a t  
rest 

30 

30 

30 

photo taken a t  
rest 

23 

23 

28 

photo taken a t  
rest 
26 

26 

29 

29 
27 
28 

i r a t i o n  of 
x e l e r a t i o n  
I sec. 

i n s t a n t  - 
aneous 

i n s t a n t -  
aneous 

i n s t a n t  - 
aneous 

i n s t a n t -  
aneous 

i n s t a n t -  
aneous 

i n s  t a n  t - 
aneous 

i n s t a n t  - 
aneous 

i n s  t a n t  - 
aneous 

i n s t a n t  - 
aneous 

60 
60 
60 

i l m -  
xpo s u r  6 
i m e  

0.6 

0.6 

0.6 

0.6 

0.6 

0.6 

0.6 

0.6 

0.6 

0.6 

0.6 

0.6 

0.6 
0.6 
0.6 

11 

11 

i 2nd posi-  
t i o n  l e f t  s i d e  1 

s a m e  

11 

1 1  
, 

11 

11 

11 

12:45, t h e  s p i n e  of t h e  monkey, s t i l l  under n a r c o s i s ,  i s  severed by scalpel 
sub o cci p i t a1 l y  . 
P o s i t i o n  1 ( 1 s t  p o s i t i o n ) .  Cen t r i fuga l  fo rces  act i n  t h e  head-to-leg d i r e c t i o n ;  
t h e  exper imenta l  animal i s  l y i n g  wi th  i t s  head toward t h e  axis of r o t a t i o n .  
P o s i t i o n  2 (2nd p o s i t i o n ) :  The c e n t r i f u g a l  f o r c e s  act  i n  t h e  stomach-to-back 
d i r e c t i o n ;  t h e  animal is ly ing  wi th  i t s  stomach toward t h e  axis of r o t a t i o n .  

- / 5  
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The procedure of experiment f 9  fol lows as an  example: R. 11. exp. 9. 
'Monkey experiment 5/2/37. Macacus rhesus,  o ld  male, weight 5.8 kg. 9:29 AM. 

1.8 cc permoctane f o r  anes thes i a  i . m .  1O:OO.  
s t i l l  no t  as leep .  
4. cc pernocton g iven  i . m .  
f o r  exposure of t h e  i n t e r n a l  j u g u l a r  vein.  
t h o r a t r a s t  i n  exposed ve in ,  i n j e c t i o n  t i m e  225 seconds. 12:OO. I n j e c t i o n  
f in i shed .  12:04 ope ra t ion  completed. 

Monkey l i e s  peacefu l ly  i n  cage,  
1 O : l O .  s i n c e  t h e  monkey i s  s t i l l  n o t  a s l eep ,  an  a d d i t i o n a l  

11:40. opera t ion  on t h e  l e f t  s i d e  of t h e  t h r o a t  
11:50. i n j e c t i o n  of 80 cc. 

R e s t  2.2 G 3.3 G 4.4 G 5.5 G 6 . 6  G 

Number of P i c t u r e s  ......... 15 14 6 8 2 5 
Good f i l l i n g  ............... 15 8 2 
Medium f i l l i n g  ............. - 6 33 ............... 1 4 1 2 Poor f i l l i n g  - - 

...................... 4 1 3 Empty - - - 

a -- - - -- - 

RESULTS \ 

7.7 G 

2 - - 
I 

2 

When a comparative eva lua t ion  of the  x-ray f i l m s  is  made, t h e  change i n  
the  h e a r t  f i l l i n g  is immediately perceived. F igures  4 through 7 show t h e  
x-ray photographs of a monkey i n  t h e  s i d e  p o s i t i o n .  The c e n t r i f u g a l  f o r c e  is  ' 

a c t i n g  i n  t h e  head-to-leg d i r e c t i o n .  Figure 4 i s  a p i c t u r e  taken a t  rest; t h e  
f i l l i n g  i s  normal; t h e  borders  are c l e a r l y  ev ident ;  t h e  a o r t a  and i n f e r i o r  vena 
cava are a l s o  v i s i b l e .  Figure 5 shows the  same test animal a t  an a c c e l e r a t i o n  
of 2.2 G. The shadow of t h e  h e a r t  and of t h e  vessels d i r e c t e d  c r a n i a l l y  have 
c l e a r l y  become l i g h t e r .  The o u t l i n e  of t h e  h e a r t  is  unc lea r  i n  t h e  area of t h e  
apex. 
na t ed  medium ( in t e rmed ia t e ) .  It is a l ready  extremely poor i n  Figure 6 f o r  t h e  
test  animal a t  an a c c e l e r a t i o n  of 4.4 G. Here t h e  shadow of t h e  h e a r t  i s  very  
f a i n t  and s m a l l ,  and no clear o u t l i n e  can b e  perceived.  The ascending a o r t a  
shows up most c l e a r l y  whi le  t h e  descending a o r t a  and vena cava are b a r e l y  
v i s i b l e .  Figure 7 w a s  taken a t  an acce le ra t ion  of 6.6 G.  The h e a r t  i s  
p r a c t i c a l l y  empty and i t s  shadow and the  shadow of t h e  l a r g e  v e s s e l s  are ba re ly  
d i s c e r n i b l e .  

I n  comparison w i t h  the  o t h e r  p i c t u r e ,  t h e  h e a r t - f i l l i n g  may be desig-  

F igu res  4 through 7 show t h a t  when a c c e l e r a t i o n  i n c r e a s e s ,  t h e  f i l l i n g  of 
t h e  h e a r t  decreases  u n t i l  i t  i s  p r a c t i c a l l y  zero i f  t h e  c e n t r i f u g a l  f o r c e s  a c t  
i n  t h e  head-to-leg d i r e c t i o n .  The ra te  and amount of decrease  i n  f i l l i n g  a t  
t h e  s e p a r a t e  a c c e l e r a t i o n s  depend on t h e  phys ica l  s t a t e  of t h e  i n d i v i d u a l  exper i -  
menta l  animals .  One c o n s i s t e n t  f i nd ing  i n  a l l  t h e  experimental  aniinals is  t h a t  
a t  i n c r e a s i n g  a c c e l e r a t i o n s  between 3 and 5 G wi th  t h e  c e n t r i f u g a l  f o r c e s  a c t i n g  
i n  t h e  head-to-leg d i r e c t i o n ,  t h e  f i l l i n g  of t h e  h e a r t  decreases  u n t i l  i t  i s  
completely empty a t  6 . 6  G. 

- / 6  

6 



Figure  4 (exp. 3 /2) .  F igure  5 (exp. 3/31. Figure 6 (exp. 3/41. F igure  7. (expo 3/51. 
I 

Accelera t ion :  0. 2.2 G.  4.4 G.  6 . 6  G. 

F igures  4 through 7.  Monkey under pernokton na rcos i s .  Weight 4.4 kg. De- - 16 
crease i n  h e a r t  f i l l i n g  a t  inc reas ing  acce le ra t ions .  Cen t r i fuga l  f o r c e  i n  
head-to-leg d i r e c t i o n .  

The t a b l e  given on page 5 again  shows t h e  above-described r e l a t i o n s h i p  - / 7  
I between i n c r e a s i n g  a c c e l e r a t i o n  and decreasing h e a r t - f i l l i n g ,  w i t h  c e n t r i f u g a l  

f o r c e  i n  t h e  head-to-leg d i r e c t i o n .  Only those  p i c t u r e s  were evaluated i n  which 
t h e  test  animal  had no t  been kept  a t  too h igh  o r  too long- las t ing  a c c e l e r a t i o n s .  

F igures  8 and 9 show t h a t  t h e  phenomena observed i n  t h e  h e a r t  a l s o  occur i n  
t h e  l a r g e  vessels. 
9 shows t h e  same animal a t  3.3 G. 

grown smaller corresponding t o  t h e  reduced f i l l i n g .  
t h e  e f f e c t  on t h e  blood p res su re  w i l l  be  contained i n  a paper soon t o  fo l low 
t h i s  one. 

F igure  8 shows a monkey a t  an a c c e l e r a t i o n  of 2.2 G;  f i g u r e  
Not only is  t h e  shadow of t h e  vessels weaker 

The conclusions concerning 
I ( a o r t a  and i n f e r i o r  vena cava) i n  f i g u r e  9 ,  b u t  t h e  diameter  of t h e s e  v e s s e l s  has  

I n  t h e  experiments d i scussed  above, t h e  p i c t u r e s  w e r e  taken immediately 
a f t e r  t h e  d e s i r e d  a c c e l e r a t i o n  had been a t t a i n e d  by t h e  c e n t r i f u g e ,  whi le  i n  
ano the r  series of experiments,  t h e  p i c t u r e s  w e r e  taken a f t e r  t h e  tes t  animal had 
been exposed t o  a c c e l e r a t i o n  f o r  some t i m e .  

F igu re  10 shows a normal p i c t u r e  taken a t  rest. I n  F igure  11, t h e  p i c t u r e  /8 - 
7 



. .  

Figure  8 (exp. 10 /6) .  
Acce lera t ion  2.2 G. 

F igure  9 (exp. 10 /7) .  
3 . 3  G. 

w a s  t aken  immediately a f t e r  3 . 3  G had been reached on t h e  cen t r i fuge .  
F igure  12 ,  3 . 3  G has  been i n  e f f e c t  f o r  1 minute,  i n  F igure  13, 2 minutes ,  
b e f o r e  t h e  corresponding p i c t u r e s  w e r e  taken. 
c l e a r l y  t h a t  t h e  decrease  i n  h e a r t  f i l l i n g  is n o t  only caused by t h e  
amount of a c c e l e r a t i o n  bu t  t h a t  t h e  prolongat ion of t h e  t i m e  of exposure t o  
a c c e l e r a t i o n  has  a similar e f f e c t  on h e a r t  f i l l i n g  as does a n  i n c r e a s e  i n  
a c c e l e r a t i o n .  

I n  

F igures  10  through 13 show 

- /9  

The f i l l i n g  of t h e  h e a r t  i s  not  t he  only  th ing  t o  change when t h e  
c e n t r i f u g a l  f o r c e s  act  i n  t h e  head-to-leg d i r e c t i o n ;  t h e  p o s i t i o n  of t h e  h e a r t  
i n  t h e  c h e s t  c a v i t y  a l s o  changes. I f  one compares Figures  4 through 7 ,  i t  
becomes apparent  t h a t  t h e  h e a r t  p o s i t i o n  becomes inc reas ing ly  l o n g i t u d i n a l  
caus ing  t h e  apex t o  s i n k  lower as a c c e l e r a t i o n  is  increased.  This  r e l a t i o n -  
s h i p  between inc reas ing  a c c e l e r a t i o n  and lowering of t he -apex  is shown by t h e  
curves  i n  F igu re  14. 
Only t h e  s o l i d  l i n e s  are important.  
o f  t h e  9 t h  t h o r a c i c  v e r t e b r a ,  i t  drops a t  h igh  acc 'e lerat ions and u s u a l l y  ex- 
t ends  as f a r  as t h e  1 2 t h  v e r t e b r a  a t  4.4 t o  7.7 G ;  i n  one case a t  6.6 G i t  
reached t h e  1st lumbar ve r t eb ra .  The corresponding displacement of t h e  
diaphragm fundus,  due t o  f l a t t e n i n g ,  i s  l i kewise  apparent  from Figures  4 
through 7 .  

The f i r s t  5 experiments were used t o  o b t a i n  t h e s e  va lues .  
Whereas t h e  apex i s  normally a t  t h e  l e v e l  

It is n a t u r a l  f o r  t h e  form of t h e  h e a r t  t o  change wi th  i t s  f i l l i n g .  This  

8 



Figures  10-13. Monkey under Pernokton n a r c o s i s ,  weight 3.8 kg, 
dec rease  i n  h e a r t  f i l l i n g  during prolonged exposure t o  
acce le ra t ion .  I 

Cent r i fuga l  f o r c e  acts i n  head-to-leg d i r e c t i o n .  

F igure  1 4  

is shown i n  F igures  15  through 18. 
p i c t u r e  a t  rest (F igure  15)  and p i c t u r e s  
a t  2.2 G (Figure 16 ) ,  3 . 3  G (F igure  1 7 ) ,  
and 4.4 G (F igure  18) were taken of a 
monkey i n  t h e  back p o s i t i o n .  
f u g a l  f o r c e s  are a c t i n g  i n  t h e  head-to- 
l e g  d i r e c t i o n .  It i s  evident  t h a t  as 
a c c e l e r a t i o n  inc reases ,  t h e  h e a r t  shadow 
becomes inc reas ing ly  narrower u n t i l  i t  
d isappears  i n  t h e  shadow of  t h e  s p i n a l  
column as is shown by 'F igu re  18 which is 
n o t  t e c h n i c a l l y  p e r f e c t .  

A 

The c e n t r i -  

Thus i t  h a s  been shown t h a t  s t rong  c e n t r i f u g a l  f o r c e s  i n  t h e  head-to-leg 
d i r e c t i o n  d i s t u r b  t h e  d i s t r i b u t i o n  of t he  blood. The ques t ion  s t i l l  remains of 
how t h e  c i r c u l a t i o n  behaves i f  t he  c e n t r i f u g a l  f o r c e s  a c t  i n  another  d i r e c t i o n .  

F igu res  20 through 22 show a monkey i n  t h e  s i d e  p o s i t i o n  w i t h  t h e  c e n t r i -  
f u g a l  f o r c e s  a c t i n g  i n  t h e  stomach-to-back d i r e c t i o n  a t  a c c e l e r a t i o n s  of 2.2 G ,  

9 



TABLE 3.  HEART FILLING WHE THE CENTRIFUGAL FORCES 
 ARE ACTING I N  THE STOMACH-TO-BACK DIRECTION 

\, 
, Number of P ic tures . . .  

Good f i l l i n g  
Medium f i l l i n g  ...... 
poor f i l l i n g  ........ 
Empty ............... 

........ 
I 

, 
1 

R e s t  2.2 G 

6 3 
6 3 - - 
- - 
- - 

4.4 G 

4 
2 
2 - 
- 

4.4 G, and 6.6 G. F igure  19 is a p i c t u r e  taken a t  rest of t h e  same animal and 
serves f o r  purposes of comparison. . A c lose  look a t  F igures  19  through 22 a l s o  
reveals a decrease  i n  h e a r t  f i l l i n g ,  bu t  i n  comparison t o  t h a t  seen i n  t h e  
experiments with t h e  c e n t r i f u g a l  f o r c e s  a c t i n g  i n  t h e  head-to-leg d i r e c t i o n ,  i t  

least poor,  and o f t e n  t h e  h e a r t  w a s  p r a c t i c a l l y  empty (compare wi th  F igure  6 ) ,  
i n  t h i s  case, a t  4.4 G ,  a f i l l i n g  i s  seen t h a t  i s  gene ra l ly  q u i t e  good. 
d i f f e r e n c e  becomes even more apparent  i f  F igures  7 and 2 2 ,  both taken a t  an  
acceleratYon of 6.6 G ,  are compared. 

is  very  s l i g h t .  Wheras i n  t h e  l a t te r  case,  t h e  h e a r t  f i l l i n g  a t  4.4 G w a s  a t  - /IO 

The 

5.5 G 6.6 G 

1 3 
1 2 

1 , -  - - 
- - 

1 

1 F igu re  15 (Exp. F igure  16 (Exp. F igure  1 7  (Exp. Figure 18 (Exp. 

t i o n  0 
4/11 Accelera- 412 2.2 G. 413 5.5 G. 414 7.7 G. I 

F igu res  15 through 18. Monkey under pernokton n a r c o s i s ;  4.4 kg weight.  Change 
i n  shape of  t h e  h e a r t  a t  inc reas ing  acce le ra t ions .  
t h e  head-to-leg d i r e c t i o n .  

Cen t r i fuga l  f o r c e s  a c t i n g  i n  

10 



Even a t  t h e  h ighes t  a c c e l e r a t i o n ,  10 G,  a t t a i n e d  i n  t h i s  series of experi-  
ments, t h e r e  w a s  no e s s e n t i a l  decrease  i n  h e a r t  f i l l i n g  as can b e  seen  by com- 
par ing  Figure 24 wi th  Figure 23, taken a t  rest. 

Corresponding t o  t h e  experiments summarized i n  Table 2 on t h e  f i l l i n g  s ta te  /11 
of t h e  h e a r t  w i t h  c e n t r i f u g a l  f o r c e s  ac t ing  i n  the  head-to-leg d i r e c t i o n  
Table 3 shows t h e  e f f e c t s  of c e n t r i f u g a l  f o r c e s  i n  t h e  stomach-to-back d i rec-  
t i on .  It confirms t h a t  which a l r eady  been made clear by Figures  19 through 24. 

F igure  19(Exp.5/3) F igure  20(Exp.5/9) Figure 21(Exp.5/10) F igure  22(Exp.5/11) 

P igures  19 through 22. 
f i l l i n g  wi th  c e n t r i f u g a l  f o r c e s  a c t i n g  i n  t h e  stomach-to-to-back d i r e c t i o n .  

When t h e  experimental  animal is  i n  t h i s  pos i t i on ,  blood displacement 

Monkey under pernokton na rcos i s .  Weight 3.4 kg. Heart- 

occur s  i n  the d i r e c t i o n  of cen t r i fuga l - fo rce ,  from t h e  f r o n t  s e c t i o n  of t h e  
body i n t o  t h e  d o r s a l  thorax ,  causing a s t rong  o v e r f i l l i n g  i n  t h i s  region.* 

It w a s  f u r t h e r  e s t a b l i s h e d  t h a t  even long exposure t o  t h e  a f f e c t s  of - /12 
a c c e l e r a t i o n ,  when t h e  c e n t r i f u g a l  f o r c e  acts i n  t h e  stomach-to-back d i r e c t i o n ,  
have s i g n i f i c a n t l y  less e f f e c t  on h e a r t  f i l l i n g  than  i s  t h e  case when t h e  
c e n t r i f u g a l  f o r c e  acts i n  t h e  head-to-leg d i r e c t i o n .  

The level  of t h e  h e a r t  a l s o  does no t  change when c e n t r i f u g a l  f o r c e  acts 
i n  t h e  stomach-to-back d i r e c t i o n .  Figure 14 conta ins ,  bes ides  t h e  repre-  
s e n t a t i o n  of  t h e  lowering of t h e  apex when t h e  c e n t r i f u g a l  f o r c e  acts i n  t h e  
head-to-leg d i r e c t i o n  ( s o l i d  l i n e s ) ,  t h e  p o s i t i o n  of t h e  apex when c e n t r i f u g a l  
*Prof. Ranke w a s  a b l e  t o  exclude hemorrhage i n  experiments n o t  y e t  publ ished.  
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f o r c e  is  i n  t h e  stomach-to-back d i r e c t i o n  (broken l i n e ) .  
t h e  f i r s t  5 experiments w e r e  evaluated and showed t h e  same r e s u l t s ,  namely t h a t  
t h e  p o s i t i o n  of t h e  apex does not  change d e s p i t e  i nc reas ing  a c c e l e r a t i o n s  
(compare a l s o  F igures  19  through 2 2 ) .  

I n  t h e  l a t te r  case ,  

Figure 23 (ExP. 11/5 Figure  24 (Exp. 11/7 
Acce lera t ion  0 10  G 

F igures  23 and 24.  Monkey under pernbkton na rcos i s .  Weight 3.2 kg. Heart f i l l -  
i ng  a t  h igh  a c c e l e r a t i o n s ;  c e n t r i f u g a l  fo rces  act  i n  t h e  stomach-to-back d i r e c t i o n .  

The only  p e r c e p t i b l e  change i n  t h e  h e a r t  p o s i t i o n  i n  t h e  c h e s t  c a v i t y  
dur ing  h igh  a c c e l e r a t i o n s  w a s  a s l i g h t  displacement toward t h e  s p i n a l  column. 
N o  c i r c u l a t i o n  d i s tu rbances ,  i f  any, could be  de t ec t ed  on t h e  x-ray photos. 

S m Y  - I 1 3  

1. Acce le ra t ion  experiments were performed on t h e  c e n t r i f u g e  of t h e  
Aeromedical Research I n s t i t u t e  of t h e  Nat ional  A i r  Min i s t ry  us ing  10  monkeys, 
(Macacus rhesus )  a f t e r  i n j e c t i o n s  of t h o r o t r a s t  so  t h a t  x-ray photographs 
could b e  taken  on a concurren t ly  opera t ing  x-ray device.  

2 .  I f  t h e  c e n t r i f u g a l  f o r c e s  act i n  the  head-leg d i r e c t i o n ,  t h e  f i l l i n g  of 
t h e  h e a r t  dec reases  wi th  inc reas ing  acce le ra t ion ,  and a t  t h e  same t i m e  t h e  
h e a r t  i s  r o t a t e d  and forced  downwards. 
medium could  b e  found i n  t h e  h e a r t  a t  a c c e l e r a t i o n s  above 4.4 G. 

Only traces of t h e  x-ray c o n t r a s t  

3. The cross-sec t ion  of t h e  a o r t a  and i n f e r i o r  vena cava decreased as t h e  
h e a r t  became empty. 

1 2  
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% 4. While 1 o r  2 minutes a t  3.3 G are requi red  be fo re  t h e  h e a r t  becomes 
empty, a t  4.4 G t h e  h e a r t  i s  empty i n  a few seconds. 
a c c e l e r a t i o n  bu t  i t s  du ra t ion  a f f e c t  t h e  decrease  i n  h e a r t  f i l l i n g .  

Not only t h e  amount of 

1 -  

5. The endurance of t h e  animals d i f f e r s  according t o  t h e i r  phys i ca l  
condi t ion .  

6. I f  t h e  c e n t r i f u g a l  f o r c e  acts i n  t h e  stomach-to-back d i r e c t i o n ,  t h e  
h e a r t  f i l l i n g  remains good up t o  t h e  h ighes t  a c c e l e r a t i o n  a t t a i n e d  (10 G) .  
Exposures t o  6.6 G f o r  up t o  1 minute change t h e  c i r c u l a t i o n  only by fo rc ing  
t h e  h e a r t  up a g a i n s t  t h e  s p i n a l  column and t h e  inc reas ing  blood f i l l i n g  of t h e  
p o s t e r i o r  s e c t i o n s  of t h e  thorax.  

, 

7.  The r e s u l t s  are dep ic t ed  on 20 x-ray photographs,  2 t a b l e s ,  and 1 graph. 

I would l i k e  a t  t h i s  po in t  t o  express  my most profound g r a t i t u d e  t o  my 
honorable  t eache r ,  S t a f f  P h y s i c i a l  Prof .  D r .  Ot to  F. Ranke f o r  ass igning  t h i s  
work and f o r  t h e  f r i e n d l y  support  he gave a t  a l l  t i m e s .  
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